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Summary
In metazoans, unequal partitioning of the cell-fate determi-
nant Numb underlies the generation of distinct cell fates
following asymmetric cell division [1–5]. In Drosophila,
during asymmetric division of the sensory organ precursor
(SOP) cell, Numb is unequally inherited by the pIIb daughter
cell, where it antagonizes Notch [1, 6–8]. Numb inhibits
Notch partly through inhibiting the plasma membrane local-
ization of Sanpodo (Spdo), a transmembrane protein
required for Notch signaling during asymmetric cell division
[9, 10]. Numb, by binding to Spdo and a-Adaptin, was
proposed to mediate Spdo endocytosis alone or bound to
Notch in the pIIb cell, thereby preventing Notch activation
[11–16]. However, in addition to endocytosis, Numb also
controls the postendocytic trafficking and degradation of
Notch in mammals [17, 18] and negatively regulates basolat-
eral recycling in C. elegans [19, 20]. Thus, whether Numb
promotes the endocytosis of Spdo is a question that
requires experimental demonstration and is therefore inves-
tigated in this article. Based on internalization assays, we
show that Spdo endocytosis is restricted to cells in inter-
phase and requires AP-2 activity. Surprisingly, the bulk
endocytosis of Spdo occurs properly in numb mutant SOP,
indicating that Numb does not regulate the steady-state
localization of Spdo via Spdo internalization. We report
that Numb genetically and physically interacts with AP-1,
a complex regulating the basolateral recycling of Spdo
[21]. In numbmutant organs, Spdo is efficiently internalized
and recycled back to the plasmamembrane.We propose that
Numb acts in concert with AP-1 to control the endocytic re-
cycling of Spdo to regulate binary-fate decisions.Results and Discussion
Internalization of Spdo Is Prevented throughout Mitosis
Although Numb is proposed to control Spdo internalization
[11–16], direct evidence for such a role is lacking. In order
to test this prediction, we use a chimera in which the mChFP
tag was inserted into the second extracellular loop of
Spdo (SpdoL2::mChFP). This chimera could rescue the
bristle-loss phenotype of spdoG104 in the dorsal thorax [21].
Like endogenous Spdo, the subcellular localization of
this chimera relied on the activity of AP-1 [21], Numb (see3Present address: Institute for Research in Biomedicine, Parc Cientı´fic de
Barcelona, Carrer de Baldiri Reixac 10, 08028 Barcelona, Spain
*Correspondence: roland.leborgne@univ-rennes1.frFigure S1 available online), and AP-2 (see below). This indi-
cates that the SpdoL2::mChFP is a bona fide reporter of
Spdo distribution. Cell-surface labeling first confirmed that
a pool of SpdoL2::mChFP resided at the plasma membrane
during mitosis (100%, n = 18) (Figures S1D and S1D0). As
predicted, higher levels of Spdo were detected at the plasma
membrane of mitotic SO mutant for numb (100%, n = 26)
(Figures S1E and S1E0). Pulse-chase internalization assays
with an anti-RFP enabled the visualization of Spdo
internalization (Figures 1A–1D). During mitosis of control
(100%, n = 27) or numb mutant (100%, n = 37) SOPs, anti-
RFP antibodies were not internalized and remained localized
at the cell surface. This blockade of endocytosis during
mitosis was specific to Spdo because anti-Delta internaliza-
tion still occurred within those cells (Figures 1A–1D). These
data suggest that endocytosis of Spdo is restricted to
interphase.
Numb Is Dispensable for the Bulk Endocytosis of Spdo
during Interphase
Although Spdo endocytosis is prevented during mitosis,
SpdoL2::mChFP was efficiently internalized during interphase
in control SOP and at the two-cell stage (100% of the cases
exhibited intracellular labeling, n = 29) (Figures 2A, 2A0, and
2D–2D00), demonstrating that Spdo is in a dynamic equilibrium
between being transported to and internalized from the
basolateral plasma membrane. In contrast, in cells mutant
for a-Ada, anti-RFP failed to be internalized, indicating that
Spdo endocytosis requires the activity of the AP-2 complex
at both the SOP (100% of cases showed membrane labeling,
n = 18) (Figures 2B and 2B0) and the two-cell stage (100%,
n = 22) (Figures 2E–2E00). This was in contrast to Delta, which
was still endocytosed upon loss of a-Ada (Figures 2B, 2B0,
2E, and 2E0, arrowheads), a result consistent with previous
studies reporting that Delta signaling was independent of
AP-2 [22]. However, anti-RFP internalization assays revealed
that the majority of Spdo was efficiently internalized in SOPs
(100% showed intracellular labeling, n = 24) (Figures 2C and
2C0) and SOP daughter cells (100%, n = 32) (Figures 2F–2F00)
mutant for numb, as demonstrated by the fact that a fraction
of anti-RFP reached apically localized HRS-positive endoso-
mal compartments at the two-cell stage (Figures 2H and
2H0). Anti-RFP signals were also detected at the lateral inter-
face of SOP daughter cells (Figures 2F0 and 2F00, arrows) (see
below). Similar results were obtained using a second allele
of numb, numb15 (100%, n = 18) (Figures 2G–2G00). We
confirmed that in the numb mutant clone, there was no
Numb immunostaining (Figures S1A, S1C, and S3C). More-
over, the endocytic phenotype was independent of the size
of the clone. Importantly, the internalization assay did not
modify the steady-state distribution of total Spdo, arguing
against a potential bias on Spdo localization or trafficking
caused by the binding of bivalent anti-RFP antibodies
(Figure S2).
These results demonstrate that the bulk of Spdo is
endocytosed in an AP-2-dependent but Numb-independent
manner, raising the question of how Numb regulates Spdo
localization.
Figure 1. Endocytosis of Spdo Is Specifically Blocked during Mitosis
(A–D) A 10 min pulse followed by a 10 min chase internalization of anti-RFP
(red) and anti-Delta (blue) in wild-type (A and C) and numb2 homozygous
mutant (B and D) SOPs in prometaphase (A and B) and late telophase
(C and D). Anti-Delta was efficiently internalized during mitosis, but anti-
RFP was not. In (A)–(D), mutant cells were identified by the absence of
nls-GFP (green). In all panels, the anterior is on the left and the scale bar
represents 5 mm. After tissue fixation with 4% paraformaldehyde, no signals
were detected with the mChFP tag alone (data not shown).
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Basolateral Interface of the pIIa/pIIb Cells
A difference in the distribution of internalized Spdo is detected
in a-Ada versus numb mutant SOP daughter cells. Although
the anti-RFP outlined the entire plasma membrane of the two
daughters in a uniform manner in a-Ada mutant organs
(Figure 2E0), as expected for a general blockade of endocy-
tosis, anti-RFP staining was detected in a group of small
dotted structures scattered at the lateral interface of the two
pIIa-like cells in numb mutant organs (Figures 2F0, 2F00, 2G0,
and 2G00, arrows). Under light microscopy, we could not ascer-
tain whether this pool of RFP-positive patches corresponded
to plasma membrane staining rather than a pool of vesicles
juxtaposed to the plasma membrane. Given that Numb does
not regulate the bulk endocytosis of Spdo, the data could
suggest that Numb locally controls the endocytosis of Spdo
at the lateral pIIa/pIIb interface, resulting in the accumulation
of anti-RFP signals in dotted structures at this interface. This
hypothesis is compatible with the results showing that Numb
acts by removing the Notch receptor, together with Spdo,
from the lateral interface in the pIIb cell [8]. Nonetheless,
a non-mutually exclusive interpretation could be that, as
shown for the heterotetrameric adaptor AP-1 [21], Numb
controls the endocytic recycling of Spdo at the pIIa/pIIb inter-
face. Of note, like Numb, the heterotetrameric complex AP-1
negatively regulates the Notch pathway during binary cell
fate [21]. AP-1 regulates the recycling of Spdo toward the
pIIa/pIIb interface at the junctional domain containing DE-
cadherin and Notch. Together, these data prompted us to
investigate the potential link between Numb and AP-1.
Numb Interacts Genetically with AP-1
To test the above proposal, we first studied the genetic
relationships between AP-1 and Numb. Loss of AP-47 (them subunit of AP-1 complex) activity caused a Notch gain-of-
function phenotype (excess of external cells) in 10%of sensory
organs (n = 30) (Figures 3A and 3A0; data not shown) [21]. In the
AP-47 mutant clones heterozygous for numb2, twice as many
transformed organs were observed (n = 25, 25%) (Figures 3B
and 3B0). An excess of external cells was also observed in
numbmutant organs (Figures 3C and 3C0), as well as homozy-
gous numb mutant SOP lacking AP-47 (Figures 3D and 3D0).
These results indicate that Numb genetically interacts with
AP-1 and that Numb affects the AP-1 loss-of-function bristle
phenotype. To further determine the relationships between
numb and AP-1, we overexpressed Numb in cells depleted of
AP-1 by tissue-specific dsRNA. Overexpression of Numb eli-
cited a Notch loss-of-function phenotype, which led to a bald
cuticle (Figures 3G and 3G0), opposite to the AP-1g loss-of-
function phenotype (Figures 3F and 3F0). When Numb was
co-overexpressed with AP-1g dsRNA, all the animals exhibited
a bald cuticle (n = 30) (Figures 1H and 1H0), thus preventing
the Notch gain-of-function caused by the loss of AP-1g.
Encouraged by the genetic interaction between numb and
AP-1, we analyzed the relative distribution of Spdo in wild-
type, numb, AP-1, and numb, AP-1 double-mutant SOP line-
ages and observed striking differences of Spdo distribution
during SOP mitosis. In a wild-type dividing SOP, Spdo local-
ized predominantly in intracellular vesicular compartments
(Figures 3A00, 3A00 0, 3E00, and 3E00 0; Movie S1). As expected
from previous reports [10, 13–15], in numb mutant SOPs,
Spdo accumulated homogenously at the basolateral cortex
of all cells in prometaphase (n = 40) (Figures 3C00 and 3C00 0).
In contrast, during mitosis of all AP-1 mutant SOPs, Spdo
accumulated asymmetrically at the posterior cortex opposite
to Numb (n = 10 in AP-472 mutant SOP, Figures 3B00 and
3B00 0; n = 37 in AP-1g dsRNA, Figures 3F00 and 3F00). Because
endocytosis at the anterior cortex could not account for the
asymmetric distribution of Spdo (Figure 1), this raises the
question of how Spdo localizes asymmetrically throughout
mitosis. Importantly, the apical basal polarity of SOP is reor-
ganized during mitosis with Par3 (Bazooka)/Par6/aPKC reloc-
alizing from the apical plasma membrane in interphase to the
posterior cortex during mitosis [23]. We observed that Spdo
relocalizes together with Par3-Par6-aPKC complex during
mitosis in AP-47 mutant SOPs (Figure S3B; Movie S2). In
homozygous numb SOPs depleted of AP-47 (n = 22) (Figures
3D00 and 3D00 0), Spdo accumulated homogenously at the baso-
lateral plasma membrane, indicating that Numb prevents the
membrane localization of Spdo at the anterior cortex of AP-1
mutant cells. We also analyzed the localization of Spdo within
SOPs overexpressing Numb. In this situation, Spdo was de-
tected in intracellular compartments (n = 21) (Figures 3G00
and 3G00 0). In SOPs overexpressing Numb in an AP-1g dsRNA
background, Spdo is no longer localized at the posterior
cortex of dividing SOP cells (n = 29) (Figures 3H00 and 3H00 0,
compared to Figures 3F00 and 3F00 0). These data indicate that
Numb affects the AP-1-dependent basolateral localization of
Spdo.
Numb Physically Associates with AP-1
The ability of Numb and AP-1 to control the subcellular locali-
zation of Spdo, together with the gene dosage-sensitive
interaction between Numb and AP-1 (Figure 3), raised the
possibility that Numb may physically associate with AP-1.
We tested this prediction by coimmunoprecipitation assays
using Myc-tagged Numb expressed alone or in combina-
tion with SpdoL2::mChFP in Drosophila S2 cells. We first
Figure 2. Spdo Internalization Is AP-2Dependent
but Numb Independent
A 10 min pulse of anti-RFP (red) and anti-Delta
(blue) followed by a 10 min chase internalization
in control (A, A0, and D–D00), AP-2a40-31 (B, B0,
and E–E00), numb2 mutant (C, C0, and F–F00), and
numb15 (anti-RFP in G–G00) SOPs in interphase
(A–C00) or SOP daughter cells in interphase
(D–G00). SOPs expressed UAS-SpdoL2::mChFP
under the neurP72-GAL4 driver. (D)–(G0) show
apical (D–G) and basolateral (D0–G0) confocal
sections of the same cells, respectively. (A0)–(C0)
and (D00)–(G00) are orthogonal sections of (A)–(C)
and (D0)–(G0), respectively.
(H) Ten-minute pulse of anti-RFP (red) followed
by a 10min chase internalization in numb2mutant
SOP daughter cells expressing SpdoL2::mChFP.
After fixation, cells were stained for HRS (green).
Apical vesicles were positive for anti-RFP colo-
calized with HRS (arrowheads in the insets).
(H0) Quantitation of the number of vesicles posi-
tive for HRS, Spdo, and HRS+Spdo in control
(blue bars, n=9) and numb2 (red bars, n=12)
SOP daughter cells.
In (A–H) mutant cells are identified by the
absence of nls-GFP (green in A–G00, blue in H).
In all panels, the anterior is on the left and the
scale bar represents 5 mm.
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tated AP-2 and SpdoL2::mChFP (Figure 3I) [10, 15, 16] and
anti-RFP coprecipitated Myc::Numb (Figure S3F). We found
that Anti-Myc antibodies coprecipitated AP-1 and Spdo,
whereas anti-RFP antibodies failed to directly coprecipitate
AP-1 (Figure 3I). Although Numb physically interacted with
AP-1, the subcellular localizations of Numb and AP-1 were
mutually independent (Figures S3C–S3D0), and no colocali-
zation between AP-1 and Numb on membranes could be
detected (Figures S3E and S3E0). We conclude that Numb
physically associates with AP-1, AP-2, and Spdo and propose
that these interactions are essential for Numb to perform its
function during asymmetric cell division. The genetic and
physical interactions between Numb and AP-1, together with
our internalization data, point toward a role for Numb in
controlling Spdo recycling.
Numb Inhibits the Recycling of Endocytosed Spdo
To test the role of Numb on Spdo recycling, we took advantage
of the internalization assay we had developed (Figure 4A).
First, rabbit anti-RFP was allowed to be internalized for
10 min at 25C (step 1). Then, the cells were incubated with
anti-rabbit IgG coupled to Cy3 (red) at 4C to detect the
SpdoL2::mChFP-anti-RFP complexes that had not been
internalized in step 1 and were still present at the plasma
membrane (step 2). Once set back to 25C for 10 min, anti-
RFP antibodies that had been internalized during step 1 could
be recycled back to the plasma membrane and the IgG-Cy3-
associated complexes endocytosed for 10 min (step 3). Next,
the tissue was fixed, but not permeabilized, and incubated
with anti-rabbit IgG-Cy5. This enabled the selective detection
of recycled SpdoL2::mChFP-anti-RFP complexes (green in
Figures 4A–4C0) (step 4), because the SpdoL2::mChFP-
anti-RFP complexes that had not been internalized in step 1
were labeled in red during step 2 (Figure 4A). Indeed,
SpdoL2::mChFP was internalized in both control (red in
Figures 4B and 4B0) (n = 15) and numb mutant (Figures 4C
and 4C0) SOP daughter cells, consistent with the datapresented in Figures 2D–2D00, 2F–2F00 and 2G–2G00. Using this
recycling assay, SpdoL2::mChFP was found to recycle back
to the plasma membrane in control pIIa (green in Figures 4B
and 4B0) (n = 15). Strikingly, although the pIIb cell internalized
SpdoL2::mChFP (Figures 2D–2D00), SpdoL2::mChFP was not
recycled back to the plasma membrane of the pIIb cell (green
in Figures 4B and 4B0) (n = 15). Interestingly, in numb mutant
SOP daughter cells, SpdoL2::mChFP recycled back to the
plasma membrane of both pIIa-like daughter cells (green in
Figures 4C and 4C0). Quantification of green fluorescence
intensities revealed that there was approximately 4-fold
more SpdoL2::mChFP recycled in numbmutant than in control
cells (Figure 4D).
In an independent experiment, the above assay was modi-
fied by replacing step 2 with an acid wash at 4C to remove
the cell-surface-bound anti-RFP. The acid wash allowed the
efficient removal of the majority of antibodies at the cell
surface (Figures 4E and 4F0). SpdoL2::mChFP-anti-RFP
complexes that were internalized in step 1 were seen to
recycle back to the plasma membrane in both control (Figures
4G–4G0) and numbmutant SOP daughter cells (Figures 4H and
4H0) after a 30 min chase at 25C. Quantification of the data re-
vealed that recycling of SpdoL2::mChFP in numbmutant cells
increased by 1.4-fold (10min recycling) and 1.6-fold (30min re-
cycling) compared to control cells (Figure 4I).
Collectively, our data reveal that internalized Spdo recycles
back to the plasma membrane of the pIIa cell and that Numb
inhibits Spdo recycling in the pIIb daughter cell.
Concluding Remarks
Altogether, our data support a model in which Numb controls
the postendocytic steps of Spdo trafficking. In interphasic pI
and pIIb cells, Spdo is internalized in an AP-2-dependent
manner. During SOP division, AP-2 binds to Numb, such
that the AP-2-dependent endocytic machinery is depleted
from the posterior pIIa daughter cell [12]. Accordingly, the
rates of Spdo internalization in this cell are decreased. Never-
theless, Spdo is endocytosed in the absence of Numb, i.e., in
Figure 3. Numb Genetically and Physically Inter-
acts with AP-1
(A–H0) Adult phenotype of organs mutant for
AP-47SHE11 (A and A0), numb2/+;AP47SHE11
(B and B0), numb2 (C and C0), numb2;pnr-
GAL4, UAS-AP-47dsRNA (D and D0), Sca-GAL4
(E and E0), Sca-GAL4;UAS-AP-1g dsRNA (F and
F0), Sca-GAL4;UAS-Numb (G and G0), and Sca-
GAL4;UAS-Numb, UAS-AP-1gdsRNA (H and H0).
Low magnification shows the nota in (A)–(H);
(A0)–(H0) are higher magnification of (A)–(H),
respectively. In (A)–(B0), (D), (D0), (F), (F0), (H),
and (H0), the loss of pigmentation correlates
with AP-1 depletion [21]. In (A)–(H0), the anterior
is up.
(A00–H00 0) Localization of Spdo (red in A00–H00 0, gray
in split channel), Numb (green in B00, B00 0, E00,
and F00 0), nls-GFP (green in A00, A00 0 and C00–D00 0),
and Myc-tagged Numb (green in G00–H00 0) in the
following genotypes: numb2/+;AP47SHE11 (B00
and B00 0), numb2 (C00 and C00 0), numb2;Pnr-GAL4,
UAS-AP-47dsRNA (D00 and D00 0), Sca-GAL4 (E00
andE00 0),Sca-GAL4;UAS-AP-1gdsRNA (F00 andF00 0),
Sca-GAL4;UAS-Numb (G00 and G00 0), and Sca-
GAL4;UAS-Numb, UAS-AP-1gdsRNA(H00 and H00 0).
(A00 0)–(H00 0) are orthogonal sections of (A00)–(H00)
respectively. Mutant cells were identified by
the absence of nls-GFP (green in A00, A00 0, and
C00–D00 0). In (A00)–(D00 0) and (E00)–(H00 0), anterior is
left and scale bar represents 5 mm.
(I) Numb-myc was immunoprecipitated from
extracts of Drosophila S2 cells transiently ex-
pressing Numb-myc, SpdoL2::mChFP, or
Numb-myc and Spdo mChFP. Anti-Myc coim-
munoprecipitated SpdoL2::mChFP, AP-1g, and
AP-2a, but not the heavy chain of myosin used
as a control. The western blots are representa-
tive of five independent experiments.
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584pIIa and numb mutant cells. In addition, we observed that in
the absence of Numb, Spdo recycled to the basolateral
plasma membrane and, more specifically, to the interface
between the pIIa-like cells. The simplest interpretation of
our data leads to a model in which Numb binds to AP-1
and prevents Spdo from recycling back to the cell surface,
thereby contributing to the endosomal localization of Spdo
in the SOP and its anterior daughter pIIb cell. Because
Spdo interacts with [10] and traffics with Notch [8] in the
SOP and daughter cells, a prediction from our data was
that the role of Numb we here identify applies to Notch traf-
ficking. Remarkably, during the time course of this work,
based on complementary experimental setups, Couturier
et al. reported that Numb inhibits the recycling of Notch-
Spdo complexes back to the plasma membrane (see theaccompanying paper by Couturier
et al. in this issue of Current Biology
[24]). Collectively, we propose that
AP-2- and AP-1-dependent trafficking
events that are regulated by Numb
account for the steady-state localiza-
tion of Spdo (and possibly Notch) in
SOP and its daughter cells (Figure 4J).
Two non-mutually exclusive models
can be proposed to explain how Numb
negatively regulates Spdo recycling.
First, AP-2 is known to regulate
the postendocytic trafficking of Arf6-dependent cargos such as b-integrin, which, like Spdo,
contains a NPxY sorting motif [25]. This raises the possibility
that Numb, by binding AP-2, could be involved in an AP-2/
Arf6 pathway to control the sorting of Spdo from early endo-
somes to recycling endosomes.
Second, based on our data on the genetic and physical inter-
actions between Numb and AP-1, alternative scenarios are
plausible. Numb could act as a dominant negative by
competing with another PTB domain protein needed for
the AP-1-dependent sorting of NPxY/F-containing cargos,
thereby suppressing their recycling back to the plasma
membrane. An alternative possibility could be a change in
specificity for AP-1. There is a single AP-1 complex in
Drosophila that fulfils the function of the two mammalian or-
thologs of AP-1, AP-1A, and AP-1B. Indeed, Drosophila AP-1
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Figure 4. The Absence of Numb Leads to Spdo Recycling
(A) Schematic representation of the recycling assay. Ten minutes (25C) of anti-RFP uptake in SpdoL2::mChFP-expressing SOPs (step 1) was followed by
the red labeling, at 4C, of anti-RFP-SpdoL2::mChFP complexes still present at the plasma membrane (step 2). After a 10 min chase at 25C (step 3) and
fixation, the recycled pool of tagged-Spdo, internalized during the first uptake, was labeled in green (step 4).
(legend continued on next page)
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586is involved in the basolateral targeting of transmembrane car-
gos [21], which corresponds to the mammalian AP-1B
pathway [26, 27], although AP-1A also contributes [28]. AP-1
also functions in the sorting to lysosome-related organelles
(LROs) [29, 30], which is mediated by AP-1A in mammals [31,
32]. Interestingly, in mammalian tissue culture cells, Numb is
associated with AP-1g on trans-Golgi network and endosomal
profiles by immune electron microscopy [11]. It is therefore
conceivable that interaction of Numb with AP-1 could
somehow convert AP-1 from a basolateral targeting function
into targeting to LRO, explaining why, in cells expressing
Numb, Spdo resides primarily in endocytic structures.
Finally, Notch, Numb, and AP-1 exert key functions during
mammalian development, hematopoietic lineages, and stem
cell physiology [33, 34]. The interaction between Numb and
AP-1 appears to be evolutionarily conserved [35], raising the
interesting possibility that Numb also inhibits AP-1-dependent
recycling to regulate Notch signaling in mammals.Supplemental Information
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